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Abstract 
γ-TiAl-based alloys have attractive properties regarding the specific strength at high temperatures. Thus, the demand for aero engine 
components such as turbine blades and discs out of this class of materials will increase over the next years significantly. Due to the hard 
machinability via conventional cutting processes one possible alternative is seen in the Electrochemical Machining (ECM). This paper contains 
basic research on the unpulsed electrochemical machinability of four typical γ-TiAl-based alloys. Therefor specific material removal rate is 
investigated as a function of current density and compared to the theoretical dissolution behavior according to Faraday’s law. Finally 
investigations on surface integrity aspects of these alloys are presented and exemplarily compared to conventional cutting processes to show 
specific ECM process capabilities. 
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1. Introduction 
To increase the efficiency of modern aero engines, the 
main development objectives are increasing process 
temperatures and reducing inertia forces. To meet these 
challenges new materials are required. γ-Titanium aluminides 
(γ-TiAl) are known for their outstanding physical properties 
like low density, a unique strength-to-weight ratio, oxidation 
and corrosion resistance at high temperatures (Fig. 1) [1]. 
Therefore, the demand for these materials for turbomachinery 
components is significantly increasing over the next years. 
The last two stages of the GEnx aircraft engine are already 
made out of γ-TiAl blades and for designing future engines γ-
TiAl is a fixed material component [2]. 
However, the outstanding properties also entail some 
disadvantages. Machining these materials economically by 
conventional cutting processes is nearly impossible due to 
their low thermal conductivity and brittle deformation. [3, 4] 
 
 
Fig. 1. Specific strength of aero engine components as a function of 
temperature [1] 
The mentioned disadvantages for conventional processing 
are not counting for the unconventional processes electro 
discharge machining (EDM) and electrochemical machining 
(ECM). Major advantages of these manufacturing 
technologies are their process specific characteristics of 
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machining independently of the processed material’s 
mechanical properties in combination with high removal rates. 
Furthermore, ECM features almost no tool wear and does not 
affect the rim zone thermal or mechanical [5, 6]. 
Therefore, ECM is a cost-effective alternative for 
machining γ-TiAl and will become more and more important 
in future. But for an efficient tool design the knowledge of 
local material dissolution and the local gap formation is 
required. Hence, this paper presents basic analysis of material 
removal behavior and rim zone analyses for the γ-TiAl  
GE 48-2-2, TNM-B1, 45-2-2 XD and TNB-V5. 
 
Nomenclature 
Ex Energy dispersive X-ray spectroscopy (EDX) Energy 
F Faraday constant 
J Current density 
M Molecular weight 
pi Electrolyte pressure inlet 
po Electrolyte pressure outlet 
Ra Surface roughness 
s90 Frontal working gap width 
TE Electrolyte temperature 
U Voltage 
Veff Effective material removal rate 
Vsp Specific material removal rate 
vf Feed rate 
w Weight % 
z Electrochemical valency 
ƞ Current efficiency 
κ Electrolyte conductivity 
ρ Density 
2. Experimental Setup 
For analyzing the electrochemical behavior of the 
mentioned γ-Titanium aluminides the basic research platform 
shown in Figure 2 was used. The materials were machined 
with a standard test setup, Fig. 3. Besides the tool the cathode 
consist out of a measuring device to determine the frontal 
working gap width as a function of the current density and to 
ensure standard conditions from the beginning of the 
experiment. After the positioning of the workpiece a constant 
electrolyte pressure ratio of 8 bar : 2 bar (inlet : outlet) is 
adjusted. For electrolyte a solution of sodium chloride with a 
conductivity of 160 mS/cm at 36 °C is used. Tool geometry is 
a circle with 15 mm diameter. The used generator enables 
working currents up to 500 A at working voltages between 5 
and 40 V. 
To determine the material removal behavior at different 
current densities the feed rate was continuously varied from 
0.1 mm/min up to 1.5 mm/min. The whole ECM device is 
moved towards the clamped workpiece. The adjusted voltage 
of 15 V and the process inherent working current are 
monitored during the process. 
 
Fig. 2. ECM basic research platform 
The local current density can be influenced by changing 
electrolyte conductivity conditions caused by temperature 
changings and gas evolution along the flow path [7, 8]. To 
avoid these influences the electrolyte conditions are 
minimized by the machining device. The current density is 
calculated by the monitored working current and the 
processing area. 
 
 
Fig. 3. ECM-device for electrochemical characterization 
Finally, the surface roughnesses of the workpieces 
machined at different current densities were measured. 
Table 1 summarizes the experimental parameters for the 
standard test setup. 
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Table 1. Experimental parameters 
Unit Value 
Electrolyte NaCl 
Electrolyte conductivity κ 160 mS/cm at 36 °C 
Voltage U 15 V 
Electrolyte temperature TE 36 °C 
Electrolyte pressure inlet pi 8 bar 
Electrolyte pressure outlet po 2 bar 
Feed rate vf 0.1 … 1.5 mm/min 
3. Results and Discussion 
The examined titanium aluminides are casted materials. 
Furthermore, the chemical composition of the machined 
materials must be known for electrochemical analyses as each 
element has different dissolution behavior. In Table 2 the 
chemical compositions in weight-% of the investigated 
materials are listed. 
Table 2. Chemical composition of the examined γ-TiAl in wt.-% [9, 10] 
 Ti Al Cr Nb Mo Mn B C 
Ge 48-2-2 58,3 34,5 2,7 4,5     
TNM-B1 59,4 29,7  8,6 2,2  0,1  
45-2-2 XD 60,5 32,1  4,5  2,7 0,2  
TNB-V5 57,9 31,0  10,9   0,1 0,1 
 
For a cost efficient cathode designing in ECM it is 
necessary to know the local gap formation in the process. A 
combination of Faraday’s and Ohm’s law enables the 
calculation of the local gap width. The specific material 
removal rate can be calculated by Faraday’s law, Equation 1 
[5]. But in electrochemistry the single alloying elements are 
not dissolving by exactly one electrochemical valency. 
Therefore, the equation has to be corrected by the efficiency 
factor ƞ.  
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To determine this factor it is indispensable to characterize 
the materials by an experiment. Later on the experimental 
results are compared to the Faraday’s law by an example.  
Figure 4 shows the experimental results of the γ-TiAl 
TNB-V5. The vf-J curve shows a linear dependence over the 
investigated area. In the present case the effective material 
removal rate can be determined by the slope of the line to 
2.52 mm3/(Amin).  
Furthermore, Figure 4 shows the frontal gap width s90 and 
the surface roughness Ra depending on the current density. 
The hyperbolic behavior of the curves is qualitatively 
corresponding to the theoretical basics. Higher current 
densities induced by higher feed rates lead to better surface 
roughness and smaller working gaps. The smaller the working 
gap, the better is the achievable tolerance, but electrolyte 
flushing is getting more complicated.  
 
 
Fig. 4. Feed rate-, Frontal gap- and Surface roughness - Current density 
curves of TNB-V5 
Figure 5 shows the current density behavior of the γ-TiAl 
45-2-2 XD. Frontal gap and surface roughness behavior are 
nearly identical to the TNB-V5. Nevertheless, surface 
roughnesses of all examined materials represent poor results 
in order of magnitude from Ra 1 μm up to Ra 5 μm. 
Investigations on precise electrochemical machining of  
TNM-B1 had shown that surface roughnesses of 0.7 μm can 
be achieved [11]. 
The vf-J curves bend down at a current density of about 
0.35 A/mm2. A changing in the electrochemical valency can 
be responsible for the break (see Equation 1). These changing 
conditions cannot be calculated by Faraday’s law. 
 
 
Fig. 5. Feed rate-, Frontal gap- and Surface roughness - Current density 
curves of 45-2-2 XD 
Figure 6 shows the comparison of the experimental 
determined vf-J curve and the calculated curves using 
minimum and maximum valences. For Ge 48-2-2 the 
efficiency factor must be ƞ = 0.70 taking the maximum 
valences as a basis. 
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Fig. 6. Feed rate - Current density curve of Ge 48-2-2 in comparison to 
Faraday’s law 
The example of Ge 48-2-2 shows that the effective 
material removal rate cannot be calculated accurate. Figure 7, 
therefore, summarizes the experimentally determined material 
removal rates of the γ-TiAl. To evaluate these results, they are 
compared to standard Titanium alloys. The γ-TiAl alloys 
dissolve faster than the titanium alloys and show the 
capability of economical electrochemical machining.  
 
 
Fig. 7. Effective material removal rates of the investigated γ-TiAl compared 
to titanium alloys [12] 
In order to find an explanation for the differences of the 
effective material removal rates (Veff.), the compositions of 
the alloys have to be considered more in detail. The compared 
titanium alloys - Ti-5Al-2Sn-4Mo-2Zr-4Cr (Ti-17), Ti-6Al-
2Sn-4Zr-6Mo and Ti-6Al-4V - have roughly a five times 
lower amount of aluminium compared to the γ-TiAl (Table 2). 
Further investigations by Münninghoff [12] on the influence 
of aluminum in intermetallic alloys of copper, iron and 
manganese have shown that the current efficiency during 
ECM is increasing by the amount of aluminium. Transferring 
these findings to the γ-TiAl, Veff. has to be higher emanated 
from nearly equal specific material removal rates (Vsp.). These 
differences of maximum Vsp. (compare Figure 6) of 
investigated alloys cannot explain the much higher differences 
in effective material removal rates. Maximum deviation of 
Vsp. is in the order of 13 %, therefore the variation caused by 
chemical composition changings must be in the same order of 
magnitude due to the linearity of Faraday’s law (Equation 1). 
Due to the affinity of chromium in building up passive or 
oxide layers, Ge 48-2-2 has a lower material removal rate 
compared to the other investigated γ-TiAl. The removal rate 
of Ti-17 is not affected by the chromium amount, because of 
the electrochemical more noble behavior of Titanium and the 
low amount of the electrochemical ignoble aluminium [13]. 
Table 3 lists the current efficiency of the investigated and 
compared materials. These relationships are an explanation 
for the consistent higher current efficiency of the γ-TiAl 
alloys due to their higher amount of aluminium. 
Table 3. Current efficiency of the examined γ-TiAl and compared titanium 
alloys 
Material 
Ti
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Current 
efficiency ƞ 0.57 0.60 0.56 0.63 0.75 0.71 0.76 
 
Figure 8 shows the cross section of the investigated 
materials. First of all no influence of the process to the rim 
zone can be identified. But especially 45-2-2 XD (a) and 
TNB-V5 (b) are showing rough surfaces, which is also 
reflected in the Ra-J curves. The different material phases are 
dissolving with different velocities. 
 
 
Fig. 8. Cross-section analysis of a) 45-2-2 XD b) TNB-V5 c) Ge 48-2-2 and 
d) TNM-B1 
Furthermore, EDX analysis has been made to prove that no 
elements of the electrolyte affected the rim zone. To analyze 
the rim zone via EDX the specimens have to be coated with a 
gold layer. Figure 9 shows the results of the analyses for three 
different points exemplary for Ge 48-2-2. Analyses of Point 1 
detected a silicon peak coming from the embedded mass. 
Nevertheless, no influence of the process can be seen at all.  
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Fig. 9. EDX-cross-section analysis of Ge 48-2-2 
ECM is always competing to conventional manufacturing 
methods like high performance cutting (HPC). To show the 
capability of ECM for machining of γ-TiAl, Figure 10 shows 
a comparison of these two technologies. It is remarkable that 
the surface roughness of the HPC material is much better. By 
HPC a surface roughness of Ra 0.3 μm can be achieved. 
Using unpulsed ECM best surface roughness of Ra 2 μm was 
achieved. Nevertheless, the HPC rim zone shows a 
deformation of the lamellae. ECM is free of thermal and 
mechanical loadings and therefore the lamellae are not 
affected. There is still potential for improving the surface 
roughness of ECM materials by variation of the parameters or 
even using precise electrochemical machining (PECM) [14, 
15]. 
 
 
Fig. 10. Rim zone comparison of 45-2-2 XD. Left: ECM. Right: HPC [4] 
4. Conclusions and Outlook 
In this paper were modern hard to machine γ-Titanium 
aluminides in terms of their electrochemical machinability 
analyzed. The used basic research platform and the ECM-
device were presented. To analyze the machinability of 
several γ-TiAl the feed rate-, frontal gap width- and surface 
roughness - current density curves were examined. The 
experimentally determined material removal rates were 
compared to the theory according to Faraday’s law and to 
conventional titanium alloys.  
Unlike the previously investigated titanium alloys the  
γ-TiAl have higher material removal rates. The amount of 
aluminium could be accounted for higher current efficiencies. 
Therefore γ-TiAl, having roughly a five times higher amount 
of aluminium, possess higher material removal rates. 
Furthermore, all investigated materials have a good 
machining behavior by ECM. 
Possible machining influences were investigated by rim 
zone analyses and EDX- analyses. No influence of the process 
or the electrolyte could be recognized. Nevertheless, cross 
sections showed a different dissolving behavior of the 
different material phases. This phenomenon is also reflected 
in the comparatively high achieved surface roughness. 
Compared to conventional cutting processes ECM did not 
lead to any deformation or cracked lamellae structure. 
Future work should focus on processing strategies to 
improve the surface roughness such as PECM or a more 
homogenous dissolution behavior of the different material 
phases. Moreover the measured material removal rates should 
be transferred into a simulation model to predict the local gap 
forming of complex geometries like turbine blades. With the 
help of this simulation model future tool designing processes 
can be made more efficient. 
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